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Abstract 
This study investigated the olfactory responses of three thrips species [Frankliniella schultzei 
Trybom, F. occidentalis Pergrande and Thrips tabaci Lindeman (Thysanoptera: Thripidae)] 
to cotton seedlings [Gossypium hirsutum L. (Malvales: Malvaceae)] simultaneously damaged 
by different combinations of herbivores. Cotton seedlings were damaged by foliar feeding 
Tetranychus urticae Koch (Trombidiforms: Tetranychidae), Helicoverpa armigera Hübner 
(Lepidoptera: Noctuidae), Aphis gossypii Glover (Hemiptera: Aphididae) or root feeding 
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Tenebrio molitor L. (Coleoptera: Tenebrionidae). Thrips responses to plants simultaneously 
damaged by two species of herbivore were additive and equivalent to the sum of the 
responses of thrips to plants damaged by single herbivore species feeding alone. For example, 
F. occidentalis was attracted to T. urticae damaged plants but more attracted to undamaged 
plants than to plants damaged by H. armigera. Plants simultaneously damaged by low 
densities of T. urticae and H. armigera repelled F. occidentalis but as T. urticae density 
increased relative to H. armigera density, F. occidentalis attraction to co-infested plants 
increased proportionally. Thrips tabaci did not discriminate between undamaged plants and 
plants damaged by H. armigera but were attracted to plants damaged by T. urticae alone or 
simultaneously damaged by T. urticae and H. armigera. Olfactometer assays showed that 
simultaneous feeding by two herbivores on a plant can affect predator–prey interactions. 
Attraction of F. occidentalis to plants damaged by its T. urticae prey was reduced when the 
plant was simultaneously damaged by H. armigera, T. molitor or A. gossypii and F. schultzei 
was more attracted to plants simultaneously damaged by T. urticae and H. armigera than to 
plants damaged by T. urticae alone. We conclude that plant responses to feeding by one 
species of herbivore are affected by responses to feeding by other herbivores. These plant-
mediated interactions between herbivore complexes affect the behavioural responses of thrips 
which vary between species and are highly context dependent. 
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Introduction 
Plants respond to arthropod herbivory by synthesizing and emitting particular volatiles 
(Karban & Baldwin, 1997) that can impact the behaviour of both herbivorous arthropods and 
their natural enemies (Agrawal, 1999; De Moraes et al., 2001; Karban, 2011). These 
responses have been shown to suppress herbivore feeding (Anderson & Agrell, 2005; 
Miyazaki et al., 2013), reduce herbivore attraction and oviposition on induced plants 
(Landolt, 1993; Bernasconi et al., 1998; De Moraes et al., 2001; Bruinsma et al., 2007; 
Delphia et al., 2007; Abe et al., 2009), and attract herbivore natural enemies (Dicke et al., 
1990; Turlings et al., 1990; Shiojiri et al., 2001; Vos et al., 2001; Dicke & Hilker, 2003).  
These plant responses to herbivory have frequently been interpreted as plant defences 
against further herbivore attack (Karban & Myers, 1989; Karban & Baldwin, 1997; Agrawal 
& Sherriffs, 2001; Dicke & Baldwin, 2010). However, studies have also documented 
increased herbivore attraction to and oviposition on induced plants (Landolt, 1993; Rojas, 
1999; Lu et al., 2004; Silva et al., 2012), highlighting that the ecological function of induced 
plant responses remains incompletely understood (Takabayashi & Dicke, 1996; Hare, 2011). 
To date, studies on herbivore-induced plant responses have been principally measured and 
interpreted with respect to a single species of herbivore. However, under natural conditions, 
plants are more often attacked by more than one herbivore species simultaneously (Strauss, 
1991; Thompson, 1998; Vos et al., 2001).  
Plant responses to simultaneous feeding by multiple herbivore species and the impact 
that these may have on the behavioural responses of arthropod herbivores are poorly 
understood. A review of the literature examining the effects of herbivore-induced plant 
responses on the behavioural responses of herbivorous arthropods showed that from a total of 
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147 studies, only 13 investigated the effects of multiple herbivory (Table 1). Among these 
latter studies, most examined how the herbivore-induced plant volatile (HIPV) profiles of 
plants damaged by a single herbivore species differ from those of plants simultaneously 
damaged by more than one species of herbivore (Table 1). Only two studies investigated the 
behavioural responses of herbivorous arthropods to plants simultaneously damaged by more 
than one species of herbivore (Table 1).  
Plant responses to feeding by a single herbivore species differ from responses to 
attack by multiple species of herbivores (Shiojiri et al., 2001; Rodriguez-Saona et al., 2003). 
In particular, the HIPV blends of plants simultaneously fed upon by more than one species of 
herbivore differ both quantitatively and qualitatively when compared to the HIPV blends 
induced by single herbivore species (Rodriguez-Saona et al., 2003; Delphia et al., 2007; 
Moayeri et al., 2007). For example, quantitative differences were detected in the HIPV 
profiles of Nicotiana tabacum plants simultaneously fed upon by F. occidentalis and 
Heliothis virescens Fabricius (Lepidoptera: Noctuidae) compared to plants fed upon by each 
species alone (Delphia et al., 2007). Qualitative differences in HIPV profiles induced by 
multiple herbivory have also been reported; feeding by two species of Lepidoptera, Plutella 
xylostella L. (Lepidoptera: Plutellidae) and Pieris rapae L. (Lepidoptera: Pieridae), caused 
cabbage plants to emit different HIPV blends from those emitted in response to feeding by 
either species alone (Shiojiri et al., 2001).  
Clearly, even herbivores with similar modes of feeding can induce different responses 
in the same plant. Arthropods with different modes of feeding also induce different plant 
metabolic systems from one another (Stout et al., 1998; Inbar et al., 1999; Walling, 2000; 
Bostock et al., 2001). Generally, the jasmonic acid (JA) mediated signalling pathway is 
activated by chewing arthropods whereas feeding by phloem-sucking arthropods activates the 
salicylic acid (SA) pathway (Walling, 2000; Zhang et al., 2009; Thaler et al., 2010; Thaler et 
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al., 2012; Kant et al., 2015). However, it is now evident that arthropod herbivores induce 
more than one signalling pathway at the same time (De Vos et al., 2005; Morkunas et al., 
2011; Zhang et al., 2013; Kant et al., 2015; Tzin et al., 2015). These signalling pathways do 
not function independently, but rather form complex networks in which different pathways 
influence each other through positive and negative regulatory interactions (Zarate et al., 
2007; Morkunas et al., 2011; Wei et al., 2014; Kant et al., 2015). These interactions can be 
additive, antagonistic or synergistic (Koornneef & Pieterse, 2008). If plants are challenged 
with one or more additional species of herbivores, the operation of these metabolic pathways 
may be altered. For example, induction of the JA pathway may inhibit the SA pathway and 
vice versa (Niki et al., 1998; Fidantsef et al., 1999; Preston et al., 1999; Thaler et al., 2002; 
Thaler et al., 2012; Zhang et al., 2013; Wei et al., 2014). However, such JA-SA antagonisms 
can be further complicated by the involvement of other phytohormones such as ethylene, 
abscisic acid, gibberellic acid and free oxygen radicals (Morkunas et al., 2011; Zhang et al., 
2013; Kant et al., 2015). The obvious question is how these complexities in plant 
biochemical responses affect the behavioural responses of herbivorous arthropods.  It would 
be expected to that the biochemical responses elicited by feeding by more than one species 
would trigger different behavioural responses than seen when a single herbivore species feeds 
alone on a plant.  
The behavioural responses of three thrips species, F. occidentalis, F. schultzei and T. 
tabaci, to cotton seedlings induced by different herbivores has been found to vary 
enormously across species (Silva et al., 2013; Silva et al., 2014). Frankliniella schultzei was 
more attracted to cotton seedlings damaged by various arthropod herbivores (cotton 
bollworm, two-spotted spider mites and root feeding mealworms) than to intact seedlings, 
whereas F. occidentalis was more attracted to intact seedlings with the exception of seedlings 
damaged by its two-spotted spider mite prey. Thrips tabaci, like F. schultzei, was also 
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attracted to seedlings damaged by two-spotted spider mites but, by contrast, did not show a 
preference for either intact plants or those damaged by other herbivores investigated (Silva et 
al., 2013; Silva et al., 2014). Based on the diverse responses of these three thrips species to 
herbivore damaged cotton seedlings, this current study investigated the olfactory responses of 
F. occidentalis, F. schultzei and T. tabaci to cotton seedlings damaged by different 
combinations of arthropod herbivores with different modes of feeding.  
 
Materials and methods 
Plants 
Cotton plants (G. hirsutum var. Sicott 71RRF) were grown from seed to seedling in 
individual pots (11 cm diameter) containing organic potting mix [Osmocote (N:P:K, 
16:35:10); Scots Australia, Baulkham Hills, New South Wales (NSW)]. Seedlings were 
watered daily and raised in a ventilated glasshouse under ambient conditions at The 
University of Queensland, St Lucia, Brisbane, Qld, Australia (hereafter UQ). Seedlings were 
raised to the two-leaf stage (20 days after germination) (BBCH code 12 (Munger et al., 
1998)) for use in experiments.  
  
Arthropods  
Thrips Laboratory populations of F. occidentalis, F. schultzei and T. tabaci used in the 
study were established from individuals collected from the field. Frankliniella occidentalis 
were either collected from clover flowers Trifolium repens L. (Fabales: Fabaceae), at the 
Gatton Research Station, Gatton, Queensland (27° 32' 32"S 152° 19' 46"E), or from cotton 
(G. hirsutum) flowers at the Australian Cotton Research Institute (ACRI) at Myall Vale near 
Narrabri, NSW (30° 12' 20"S 149° 35' 44"E), where T. tabaci was also collected, from Ammi 
majus L. (Apiales: Apiaceae) flowers. Frankliniella schultzei were collected from 
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Malvaviscus arboreus Cav. (Malvales: Malvacea) flowers at UQ (27° 29' 44"S 153° 00' 
38"E). Insects were reared in glass jars (17 cm height, 8 cm diameter) held in an incubator 
(25 ± 2ºC, 12 h light/ 12 h darkness). Green beans (Phaseolus vulgaris) were soaked in water 
for 16 h and then washed in warm soapy water to remove any insecticide residue before being 
provided as an adult food source and oviposition substrate. Cleaned beans were placed in 
glass jars lined with paper towel and female thrips were released to feed and oviposit. Glass 
jars were sealed with two layers of nylon mesh (22 × 22 × 22 cm, ≈ 1 mm2) and a black 
cardboard layer held between them to prevent thrips from escaping. The green beans were 
left in the glass jars for three days, after which they were removed and replaced with new 
ones; old beans were placed in new glass jars lined with paper towel for larval rearing. Pollen 
collected from Hibiscus spp. (Malvales: Malvaceae) flowers, was also provided as a food 
supplement for both adult and larval stages of F. occidentalis and F. schultzei (Milne et al., 
1996). All experiments were conducted on laboratory-reared thrips 3–5 generations after field 
collection. 
    Tetranychus urticae (Two-spotted spider mites)  To provide mites for use in experiments 
a culture was maintained on cotton seedlings (two-leaf stage) that originated from adults 
collected from cotton seedlings at the ACRI. Mites were reared at 26 ± 2ºC (12 h light/ 12 h 
darkness) on 20 cotton seedlings in pots (20 cm diameter) in nylon mesh cages (45 × 45 × 45 
cm). Cotton seedlings bearing mites were maintained in the incubator for five days after 
which leaves bearing mites and eggs were cut and placed on fresh cotton seedlings.   
    Helicoverpa armigera (cotton bollworm)  Helicoverpa armigera used in experiments 
were obtained from a laboratory culture that originated from eggs collected from various 
crops at Toowomba, Queensland, Australia. Larvae were reared to the second instar on a 
soybean-based artificial diet (Teackle, 1991), under conditions of ambient temperature (25 ± 
1ºC) and light (12 h light/ 12 h darkness), before use in experiments.  
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   Tenebrio molitor (mealworms) Mealworm larvae were purchased from a commercial 
supplier (Pisces Enterprises Pty Ltd, Brisbane, Australia). Larvae were held in plastic 
containers (6 cm height, 15 cm diameter) that contained vermiculite as a burrowing substrate 
and reared under conditions of ambient temperature and light. Larvae were supplied with 
small pieces of carrot as a food source but were starved for 24 h prior to use in experiments.   
    Aphis gossypii (cotton aphids)  Cotton aphids used in experiments were obtained from a 
laboratory culture that originated from individuals collected from cotton plants at the ACRI. 
Cotton aphids were reared to adults at 26 ± 2ºC (12 h light : 12 h darkness) on six leaf stage 
cotton plants in pots (20 cm diameter) in nylon mesh cages (45 × 45 × 45 cm).  
 
Standard olfactometer tests 
A Y-tube olfactometer was used to compare the responses of adult F. occidentalis, F. 
schultzei or T. tabaci to undamaged cotton seedlings and cotton seedlings either damaged by 
a single herbivore species or seedlings damaged by dual herbivore infestations (standard 
olfactometer test). In addition, in one experiment the response of adults of each of the three 
thrips species to plants either damaged by a single herbivore or plants damaged by dual 
herbivory was tested. The olfactometer setup consisted of a glass Y-tube (9 cm stem length) 
and two side arms (each 9 cm long, 0.9 cm diameter, 45º apart) that were connected to two 
sealed glass chambers. A vacuum line was used to draw air through the system at a rate of 1 
L min
-1
. Before entering the olfactometer, air passed through activated charcoal filters 
attached to the glass chambers. Experiments were conducted in a temperature-controlled 
room at 25ºC (± 2ºC), and a white light source (Osram L 15W) was placed directly above the 
Y junction of the olfactometer to avoid bias. Single adult female thrips were released at the 
stem entrance of the Y-tube and observed for 10 min. When a test thrips moved more than 
half way (4.5 cm) into one of the arms and remained there for more than 20 s, it was recorded 
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as having been attracted to the odour source associated with that arm (Silva et al., 2013; Silva 
et al., 2014). After testing five individuals, the chambers with plants were rotated and the Y- 
tubes cleaned with 100% ethanol and dried in an oven at 60˚C. After 10 thrips individuals 
had been screened, the test plants were changed. A minimum of 60 individual thrips was used 
in each test. The same method was used in all olfactometer experiments. 
 
Standard method for damaging cotton seedlings  
Helicoverpa armigera larvae, adult female T. urticae, adult female thrips (F. occidentalis, 
F. schultzei or T. tabaci), adult female cotton aphids (A. gossypii), adult whiteflies (B. tabaci 
or T. vaporariorum) or root-feeding T. molitor larvae were used to damage cotton seedlings. 
Plants were either damaged by one species of herbivore alone, or by various combinations of 
the herbivores simultaneously (Table 2). Inverted plastic cups (9.7 cm tall, 8 cm diameter) 
that contained two windows (3.5×4.5 cm) covered with nylon mesh (≈1 mm² mesh) were 
used to enclose arthropod herbivores once they had been introduced onto the cotton 
seedlings. Cups were also placed over undamaged control plants but no arthropods were 
introduced. Arthropods were allowed to feed for 24 h after which they and the cups were 
removed from damaged and control plants before they were used in olfactometer 
experiments.  
Single species herbivory Varying densities of single arthropod herbivores (Table 2) were 
independently introduced to cotton seedlings and enclosed as previously described. 
Herbivores were allowed to feed on foliage for 24 h, after which herbivores were removed 
from plants and standard olfactometer tests were performed to test the responses of the three 
test species of thrips to damaged and intact plants. Tenebrio molitor was used to damage the 
roots of cotton seedlings (Table 2). Ten larvae were placed on the soil surface and allowed to 
burrow into the soil and feed on the seedling roots, T. molitor larvae remained in situ during 
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experiments. The responses of thrips to root-damaged and undamaged above ground foliage 
was measured in standard olfactometer experiments 24 h after release of larvae onto the soil 
surface. The degree of root damage in cotton seedlings was measured upon completion of the 
olfactometer experiments. Undamaged and damaged cotton seedlings were removed from the 
pots and the mealworms extracted from the soil surrounding damaged roots. Individual plants 
were placed into plastic boxes (45 × 25 × 10 cm) and the soil washed from the roots using 
slow-running water. The root mass was removed from the stem and all broken and dislodged 
pieces of root in the soil were collected. All root material was then dried in an oven at 60ºC 
for 24h and root dry weights determined. Across all replicates, root herbivory reduced root 
biomass by an average of 40% ± 5%.  
Dual-species herbivory Varying densities of each of the herbivore species to be compared 
(Table 2) were introduced onto the adaxial leaf surface of a cotton seedling and enclosed as 
previously described. Herbivores were allowed to feed on foliage for 24 h after which time 
they were removed and standard olfactometer experiments were performed to test the 
responses of the three test species of thrips to dual-herbivore damaged and intact plants. Root 
damage was inflicted as described previously.  
  
Responses of thrips to cotton seedlings damaged by T. urticae vs. seedlings damaged by both 
T. urticae and H. armigera  
The relative attraction of thrips to plants damaged by either a single species of herbivore or 
by two species of herbivores was investigated. These experiments used cotton seedlings that 
had either been damaged by 50 T. urticae or by 50 T. urticae and 10 H. armigera (damaged 
as previously described). The response of the three test species of thrips to these treatments 
was investigated in olfactometer tests. 
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Statistical analysis  
The number of thrips attracted to the different treatments in paired olfactometer tests was 
compared by a χ² test using StatView (SAS Institute, 1999). Responses were converted to 
percentages for presentation. 
 
Results 
Responses of thrips to T. urticae and H. armigera damage 
Frankliniella occidentalis was more attracted to plants damaged by T. urticae regardless of 
density, than to undamaged plants but they were more attracted to undamaged plants than to 
plants damaged by 10 H. armigera larvae (Fig. 1). Herbivory by 10 T. urticae and 10 H. 
armigera resulted in greater F. occidentalis attraction to undamaged plants than to plants that 
were simultaneously damaged by both herbivores (Fig. 1) An increase in T. urticae numbers 
(25) relative to H. armigera resulted in F. occidentalis not discriminating between 
undamaged plants and damaged plants (Fig. 1). When the number of T. urticae was increased 
further to 50, F. occidentalis was more attracted to plants damaged by both herbivores than to 
undamaged plants (Fig. 1).        
Thrips tabaci was more attracted to plants damaged by 25 or 50 T. urticae than to 
undamaged plants but did not discriminate between undamaged plants and plants that had 
been damaged by 10 T. urticae or 10 H. armigera larvae (Fig. 1). Similarly, they did not 
discriminate between undamaged plants and plants simultaneously damaged by 10 T. urticae 
and 10 H. armigera (Fig. 1). However, simultaneous herbivory by 25 T. urticae and 10 H. 
armigera or 50 T. urticae and 10 H. armigera resulted in T. tabaci being more attracted to 
damaged plants than to undamaged plants (Fig. 1).  
Frankliniella schultzei was more attracted to plants damaged by T. urticae, regardless of 
density, than to undamaged plants and they were also more attracted to plants damaged by 
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both H. armigera larvae and T. urticae (regardless of density) than to undamaged plants (Fig. 
1).  
 
Responses of thrips to A. gossypii and T. urticae damage 
Frankliniella occidentalis was more attracted to plants damaged by 10 adult A. gossypii 
than to undamaged plants, but they were more attracted to undamaged plants than to plants 
damaged by 25 or 50 adult A. gossypii (Fig. 2). Similarly, following simultaneous feeding by 
10 T. urticae and 10 A. gossypii, F. occidentalis was more attracted to damaged plants than to 
undamaged plants (Fig. 2). However they did not discriminate between undamaged plants 
and plants simultaneously damaged by 25 T. urticae and 25 A. gossypii but F. occidentalis 
was more attracted to plants simultaneously damaged by 50 T. urticae and 50 A. gossypii than 
to undamaged plants (Fig. 2).  
Thrips tabaci did not discriminate between undamaged plants and plants damaged by 
10 A. gossypii but they were more attracted to undamaged plants than to plants damaged by 
25 or 50 A. gossypii (Fig. 2). Following simultaneous feeding by T. urticae and A. gossypii, 
T. tabaci did not discriminate between damaged and undamaged plants regardless of 
herbivore density (Fig. 2).     
Frankliniella schultzei did not discriminate between undamaged plants and plants 
damaged by A. gossypii regardless of density (Fig. 2). Following simultaneous feeding by T. 
urticae and A. gossypii, F. schultzei was more attracted to damaged plants than undamaged 
plants regardless of herbivore density (Fig. 2).   
 
Responses of thrips to thrips damage and dual infestations of other arthropods with thrips  
Frankliniella occidentalis did not discriminate between undamaged plants and plants 
damaged by 10 F. schultzei but they were more attracted to plants damaged by 25 or 50 F. 
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schultzei than to undamaged plants (Fig. 3). Similarly, F. occidentalis did not discriminate 
between undamaged plants and plants simultaneously damaged by 25 F. schultzei and 10 H. 
armigera (Fig. 3). However, simultaneous feeding by 10 F. schultzei and 10 H. armigera 
resulted in greater attraction of F. occidentalis to undamaged plants than to damaged plants 
but F. occidentalis was more attracted to plants simultaneously damaged by 50 F. schultzei 
and 10 H. armigera than to undamaged plants (Fig. 3).  
  Thrips tabaci did not discriminate between undamaged plants and plants damaged by 
10 conspecifics (but they were more attracted to plants damaged by 25 and 50 conspecifics 
than to undamaged plants (Fig. 3). Similarly T. tabaci did not discriminate between 
undamaged plants and plants simultaneously damaged by 10 conspecifics and 10 H. armigera 
(Fig. 3). However, T. tabaci was more attracted to plants simultaneously damaged by 25 or 
50 conspecifics and 10 H. armigera than to undamaged plants (Fig. 3).      
Frankliniella schultzei was more attracted to plants damaged by F. occidentalis 
(regardless of density) than to undamaged plants (Fig. 3). Similarly, F. schultzei was more 
attracted to plants simultaneously damaged by F. occidentalis and H. armigera than to 
undamaged plants (Fig. 3).    
 
Responses of thrips to T. molitor and T. urticae damage 
Frankliniella occidentalis was more attracted to undamaged plants than to plants damaged 
by 10 T. molitor larvae (Fig. 4). Similarly, plants simultaneously damaged by low densities of 
T. urticae and T. molitor larvae repelled F. occidentalis but as T. urticae density increased 
relative to T. molitor density attraction to co-infested plants increased proportionally (Fig. 4).  
Thrips tabaci did not discriminate between undamaged plants and plants that had been 
damaged by T. molitor larvae (4). Similarly, they did not discriminate between undamaged 
plants and plants simultaneously damaged by 10 T. urticae and 10 T. molitor larvae (Fig. 4). 
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However, as T. urticae density increased relative to T. molitor density, attraction of T. tabaci 
increased towards co-infested plants (Fig. 4).     
  Frankliniella schultzei was more attracted to plants damaged by 10 T. molitor larvae 
than to undamaged plants (Fig. 4). Similarly, simultaneous herbivory by T. urticae and T. 
molitor, regardless of density, resulted in F. schultzei being more attracted to damaged plants 
than to undamaged plants (Fig. 4). 
 
Responses of thrips to cotton seedlings damaged by T. urticae vs. seedlings damaged by both 
T. urticae and H. armigera   
When given a choice between plants damaged by 50 T. urticae and plants damaged by 50 
T. urticae and 10 H. armigera, F. occidentalis was more attracted to plants damaged by T. 
urticae alone (Fig. 5), T. tabaci did not discriminate between single and dual-damaged plants 
(Fig. 5) and F. schultzei was more attracted to plants damaged by T. urticae and H. armigera 
than to plants damaged by T. urticae alone (Fig. 5). 
 
Discussion  
Plants are simultaneously attacked by more than one species of herbivore frequently in nature 
(Strauss, 1991; Thompson, 1998; Vos et al., 2001). Understanding how herbivores respond to 
plants infested by more than one herbivore is a crucial step in understanding how herbivores 
respond to different herbivore induced responses in plants. The main objective of this study 
was to investigate the olfactory responses of F. occidentalis, F. schultzei and T. tabaci to 
cotton seedlings simultaneously damaged by more than one herbivore species. Olfactometer 
bioassays showed that the responses of thrips to plants infested with different combinations 
of target herbivores were additive and equivalent to the sum of the responses of the test thrips 
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species to plants damaged by each of the test herbivores alone (Figs. 1–5). For example, the 
attraction of F. occidentalis to plants damaged by T. urticae alone could be offset by H. 
armigera feeding, which repelled F. occidentalis (Fig. 1). When the H. armigera infestation 
rate was fixed in experiments, attraction to T. urticae infested plants increased as the T. 
urticae infestation rate increased (Fig. 1). At low T. urticae densities F. occidentalis was 
repelled from plants co-infested with H. armigera, at intermediate T. urticae densities F. 
occidentalis did not discriminate between T. urticae and H. armigera co-infested plants and 
undamaged plants, and at high T. urticae densities F. occidentalis was more attracted to T. 
urticae and H. armigera co-infested plants than to undamaged plants (Fig. 1). Although only 
a few studies of dual herbivory have been published (Table 1), the additive nature of the 
responses has been observed in other studies (Rodriguez-Saona et al., 2005; Moayeri et al., 
2007; de Boer et al., 2008). Rodriguez-Saona et al. (2003) showed that compared to 
undamaged plants, Spodoptera exigua laid fewer eggs on Lycopersicon esculentum plants 
damaged by conspecifics, but laid more eggs on plants damaged by M. euphorbiae. However, 
when plants were simultaneously damaged by both S. exigua larvae and M. euphorbiae, the 
number of eggs laid on undamaged and damaged plants did not differ, indicating that the 
response is additive.  
The responses of thrips to dual-herbivory support the view that the induction of plant 
signal pathways are mediated differentially by the different feeding styles of the herbivores 
(Stout et al., 1998; Fidantsef et al., 1999; Walling, 2000; Kant et al., 2015). That is, the 
induction of a specific plant metabolic system by a particular herbivore species is possibly 
altered if the plant is simultaneously damaged by an herbivore that feeds in a different way. 
Support for this perspective comes from the behavioural response of F. occidentalis to plants 
damaged by T. molitor, a chewer of plant roots (Fig. 4). Frankliniella occidentalis was more 
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attracted to undamaged plants than to plants damaged by T. molitor (Fig. 4). However, in 
experiments where plants were simultaneously damaged by T. molitor and T. urticae, 
attraction to T. molitor damaged plants increased as T. urticae infestation rates increased (Fig. 
4). At low T. urticae densities F. occidentalis was repelled from plants co-infested with T. 
molitor, at intermediate T. urticae densities F. occidentalis did not discriminate between T. 
urticae and T. molitor co-infested plants and undamaged plants, and at high T. urticae 
densities F. occidentalis was more attracted to T. urticae and T. molitor co-infested plants 
than to undamaged plants (Fig. 4). Such results suggest that plant responses to one species of 
herbivore could be affected by the plant‟s response to another species of herbivore (Walling, 
2000; Rodriguez-Saona et al., 2003; Rodriguez-Saona et al., 2005). These herbivore specific 
plant responses could be caused by the complex interactions between the different signalling 
pathways that are activated by the different feeding styles of the herbivores. Recent molecular 
findings have revealed that crosstalk between plant signalling pathways can influence each 
other through additive, antagonistic or synergistic interactions (Koornneef & Pieterse, 2008; 
Morkunas et al., 2011; Kant et al., 2015). Such interactions can alter the HIPVs that are 
emitted, thereby affecting the host-plant selection and other behaviours of arthropod 
herbivores (Wei et al., 2014; Kant et al., 2015). For example, Wei et al. (2014) demonstrated 
antagonistic effects of SA on JA which affected the oviposition site selection behaviour of T. 
urticae towards Lima bean (Phaseolus lunatus). Thus, when plants are simultaneously 
attacked/damaged by more than one herbivore species, the multitude of complex plant 
responses they induce will determine their mutual interactions (Kant et al., 2015). 
Consequently, understanding the molecular and biochemical changes in cotton seedlings 
following herbivory warrants further investigation. 
The responses of arthropod herbivores to herbivore-damaged plants are thus variable 
and highly context dependent, and the development of meaningful generalizations and 
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functional interpretations remain elusive. Nevertheless, a start can be made, and here we 
consider whether the responses of arthropod herbivores to HIPVs are predictable. We already 
know that the responses of the three thrips species tested here to cotton seedlings damaged by 
single herbivore species are complex and unpredictable (Silva et al., 2013; Silva et al., 2014). 
Here we consider predictability with respect to the responses of arthropod herbivores to the 
HIPVs produced in response to simultaneous attack by two species of herbivores. Although 
only a few studies on multiple herbivory have been published, it has been suggested that 
knowledge of single attacker systems may not predict the response in a multiple attack (Dicke 
et al., 2009). What is apparent from the current study, though, is that in some cases it is 
possible to predict herbivore responses to dual-herbivory, based on their responses to plants 
damaged by a single herbivore species (Figs. 1–5, and see above).  
The current study also shows that the degree of damage inflicted on cotton seedlings 
is also an important factor in determining the responses of thrips to herbivore damaged 
plants. For example, F. occidentalis was more attracted to plants damaged by F. schultzei 
(Fig. 3), and these responses were dependent on the density of F. schultzei. In dual 
infestations in which the density of H. armigera remained unchanged, F. occidentalis was 
more attracted to undamaged plants at low densities of F. schultzei (10), did not discriminate 
between undamaged and co-infested plants at moderate densities of F. schultzei (25), and was 
more attracted to plants damaged by both herbivores at high densities of F. schultzei (50) (Fig. 
3). Thus, the density of F. schultzei on plants simultaneously damaged by H. armigera 
affected the responses of F. occidentalis. Zhang et al. (2009) showed a similar effect of 
density on plants damaged by two herbivore species. As the number of whiteflies Bemisia 
tabaci Gennadius (Hemiptera: Aleyrodidae) inflicting damage was increased on plants 
simultaneously damaged by T. urticae in their tests, the attraction of the T. urticae-predator 
Phytoseiulus persimilis (Evans) (Acari: Phytoseiidae) to co-infested plants decreased. The 
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emission of HIPVs increases as the number of herbivores damaging the plant increases 
(Sabelis & van de Baan, 1983; Guerrieri et al., 1999; Maeda & Takabayashi, 2001; Girling et 
al., 2011). For example, headspace HIPV analysis revealed that the emission of HIPVs in 
Brassica oleracea increased as the density of P. xylostella larvae increased (Girling et al., 
2011). A biochemical explanation is thus possible for this particular level of predictability in 
these systems and thus warrants further investigation.  
All three thrips species have an additional aspect to their interaction with cotton. 
Frankliniella schultzei, F. occidentalis and T. tabaci are all facultative predators of T. urticae 
and as such they are omnivores (Trichilo & Leigh, 1986; Wilson et al., 1996; Milne & 
Walter, 1998). Indeed, in cotton crops, F. occidentalis, F. schultzei and T. tabaci commonly 
occur on plant parts that are infested with their T. urticae prey (Wilson et al., 1996; Milne & 
Walter, 1998; Agrawal & Kelin, 2000). Not only are thrips commonly associated with T. 
urticae but, as shown in the current and previous studies (Silva et al., 2013; Silva et al., 
2014), they are also attracted to cotton seedlings damaged by T. urticae. However, the 
attraction of thrips to plants damaged by T. urticae was affected by dual herbivory. For 
example, F. schultzei was more attracted to plants simultaneously damaged by T. urticae and 
H. armigera than to plants damaged only by T. urticae (Fig. 5). In contrast, the attraction of 
F. occidentalis to plants damaged by T. urticae was disrupted by the presence of 
simultaneous damage by H. armigera, T. molitor or A. gossypii (Figs. 1, 2 & 4). The presence 
of prey and non-prey herbivore species may decrease the detectability and reliability of the 
searching cues used by natural enemies and predators of herbivores (Vet & Dicke, 1992; 
Moayeri et al., 2007; De Boer et al., 2008). Thus the simultaneous presence of the two 
herbivores on the same plant weakens the prey–predator interaction between these thrips (F. 
occidentalis and F. schultzei) and T. urticae. Understanding the consistency of predator-prey 
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interactions in the field is, as a consequence, made more difficult by the effects of dual 
herbivory on HIPV‟s.  
  This study provides clear evidence that dual-herbivory affects the behavioural 
responses of herbivorous arthropods. Consistent with previous work (Silva et al., 2013, 2014, 
2015) we found that the responses of the three species of thrips studied differed considerably. 
Currently, we do not understand what drives these different responses. It may be that the 
different species respond to different chemical compounds of the HIPV blend emitted by 
damaged plants, or that the different species respond differently to the same chemical cues. 
Volatile analysis of damaged plants and further experimentation is needed to determine the 
mechanisms driving the different responses observed. Frequently the responses of plants to 
herbivory and its functional and evolutionary ecology have been interpreted and measured 
from damage caused by a single herbivore species. This work demonstrates that the 
consequences of dual-herbivory must be considered in this context. There are several exciting 
areas of research that warrant further investigation.  Here we investigated only the olfactory 
responses of the thrips, but it would also be interesting to measure the performance (i.e. 
survival, growth rate etc.) of thrips on plants damaged by more than one species of herbivore. 
We already know that S. exigua oviposition was more strongly affected by dual-herbivory 
than was larval performance (Rodriguez-Saona et al., 2005) and testing the consistency of 
this outcome would be useful. Also, the molecular and biochemical changes that occur in 
plants following dual herbivory should be determined and it is important to determine why 
one type of damage can influence the response to another type of damage so profoundly.   
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Fig. 1 Olfactometer responses of Frankliniella occidentalis, Thrips tabaci and F. schultzei to 
undamaged cotton seedlings and seedlings damaged by Tetranychus urticae alone or 
seedlings simultaneously damaged by T. urticae and Helicoverpa armigera (n = 60 thrips per 
treatment in all cases). χ2 tests ns, not significant, ***P < 0.001. Analysis performed on raw 
data, and the specifics of the results of each statistical test can be found in the text. 
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Fig. 2 Olfactometer responses of Frankliniella occidentalis, Thrips tabaci and F. schultzei to 
undamaged cotton seedlings and seedlings damaged by Aphis gossypii alone or seedlings 
simultaneously damaged by A. gossypii and Tetranychus urticae (n = 60 thrips per treatment 
in all cases). χ² tests: ns, not significant, ***P < 0.001. Analysis performed on raw data, and 
the specifics of the results of each statistical test can be found in the text.  
Fig. 3 Olfactometer responses of Frankliniella occidentalis, Thrips tabaci and F. schultzei to 
undamaged cotton seedlings and seedlings damaged by selected thrips species alone or 
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seedlings simultaneously damaged by selected thrips and Helicoverpa armigera (n = 60 
thrips per treatment in all cases). χ2 tests ns, not significant, ***P < 0.001. Analysis 
performed on raw data, and the specifics of the results of each statistical test can be found in 
the text.  
Fig. 4 Olfactometer responses of Frankliniella occidentalis, Thrips tabaci and F. schultzei to 
undamaged cotton seedlings and seedlings damaged by either Tenebrio molitor alone or 
seedlings simultaneously damaged by T. molitor and Tetranychus urticae (n = 60 thrips per 
treatment in all cases). χ² tests: ns, not significant, ***P < 0.001. Analysis performed on raw 
data, and the specifics of the results of each statistical test can be found in the text.     
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Fig. 5 Olfactometer responses of Frankliniella occidentalis, Thrips tabaci and F. schultzei to 
cotton seedlings damaged by Tetranychus urticae and cotton seedlings simultaneously 
damaged by both T. urticae and Helicoverpa armigera larvae (n = 60 thrips per treatment in 
all cases). χ² tests: ns, not significant, ***P < 0.001. Analysis performed on raw data, and the 
specifics of the results of each statistical test can be found in the text.   
 
Table 1 Studies that have investigated the effect of dual herbivory on the behavioural 
responses of arthropods and volatile analysis of plants damaged by more than one 
herbivore species†.  
Behavioural or volatile 
analysis 
Responding arthropod Damaging arthropods or the 
application of biochemical elicitors 
Feeding guild of 
damaging 
arthropods
1 
Reference 
Behavioural analysis Herbivore Spodoptera exigua 
(Lepidoptera) 
Spodoptera exigua (Lepidoptera) and 
Macrosiphum euphorbiae (Hemiptera) 
HC-F + HS-F Rodriguez-Saona 
et al., 2005 
Behavioural analysis Herbivore Plutella xylostella and Plutella xylostella and Spodoptera HC-F + HC-F Mathur et al., 
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Spodoptera litura 
(Lepidoptera) 
litura (Lepidoptera) 2013 
Behavioural analysis & 
volatile analysis   
Herbivore Tetranychus urticae 
(Trombidiforms) 
JA and SA N/A Wei et al., 2014 
Behavioural analysis & 
volatile analysis   
Predator Phytoseiulus persimilis 
(Mesostigmata) 
Spodoptera exigua (Lepidoptera) and 
Tetranychus urticae (Trombidiforms) 
HC-F + HS-F de Boer et al., 
2008 
Behavioural analysis & 
volatile analysis   
Predator Phytoseiulus persimilis 
(Mesostigmata) 
Bemisia tabaci (Hemiptera) and 
Tetranychus urticae  
HS-F + HS-F Zhang et al., 2009 
Behavioural analysis & 
volatile analysis   
Predator Macrolophus caliginosus 
(Hemiptera) 
Tetranychus urticae and Myzus 
persicae (Hemiptera) 
HS-F + HS-F Moayeri et al., 
2007 
Behavioural analysis Predator Cycloneda sanguinea 
(Coleoptera) 
Aphis gossypii and Myzus persicae 
(Hemiptera) 
HS-F + HS-F Oliveira & Pareja, 
2014 
Behavioural analysis & 
volatile analysis   
Parasitoid Cotesia plutellae 
(Hymenoptera) 
Plutella xylostella (Lepidoptera) and 
Pieris rapae (Lepidoptera) 
HC-F + HC-F Shiojiri et al., 
2001 
Behavioural analysis & 
volatile analysis   
Parasitoid Cotesia glomerata Plutella xylostella (Lepidoptera) and 
Pieris rapae (Lepidoptera) 
HC-F + HC-F Shiojiri et al., 
2001 
Behavioural analysis & 
volatile analysis   
Parasitoid Cotesia marginiventris Spodoptera littoralis (Lepidoptera) 
and Diabrotica vigifera vigifera 
(Coleoptera) 
HC-F + HC-R Rasmann & 
Turlings, 2007 
Behavioural analysis & 
volatile analysis   
Parasitoid Trichogramma brassicae 
and T. evanescens 
(Hymenoptera)  
Pieris brassicae (Lepidoptera), 
Brevicoryne brassicae (Hemiptera) 
and Spodoptera exigua (Lepidoptera) 
HC-F + HS-F Cusumano et al., 
2015 
Behavioural analysis & 
volatile analysis   
Parasitoid Diadegma semiclausum Bemisia tabaci (Hemiptera) and 
Plutella xylostella (Lepidoptera) 
HC-F + HS-F Zhang et al., 2013 
Behavioural analysis & 
volatile analysis 
Parasitoid Cotesia glomerata Pieris brassicae and Delia radicum HC-F + HC-R Soler et al., 2007 
N/A N/A N/A Blepharida rhois and Oberea ocellata 
(Coleoptera) 
HC-F + HC-F Strauss, 1991 
Volatile analysis N/A N/A Pieris brassicae (Lepidoptera) and 
Delia radicum (Diptera) 
HC-F + HC-R Pierre et al., 2011 
Volatile analysis N/A N/A Spodoptera exigua and Bemisia tabaci HC-F + HS-F Rodriguez-Saona 
et al., 2003 
†The Science Citation Index Expanded in the Thomson Reuters Web of Science® database 
was searched using the advanced search function. The field tags and search terms TS = 
(herbivore* SAME oviposition) and TS = (herbivore* SAME insect attraction*) were used to 
search journal articles in the database that were published in English between 1990 and 2015. 
Output was scrutinized for studies that investigated the effects of host plant induction by dual 
herbivore feeding or single herbivore feeding. From a total of 147 published studies 
abstracted in Thomson Reuters Web of Science® between 1990 and 2013, only 13 
investigated the effects of dual herbivory on plants. Of these 13 studies, only three 
investigated the effects of plant responses on herbivore behaviour. The 13 studies that 
investigated effects of dual herbivory utilised herbivores with different modes of feeding to 
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damage plants: herbivore chewing on foliage (HC-F), herbivore sucking on foliage (HS-F), 
herbivore chewing on roots (HC-R) and the application of biochemical elicitors.
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Table 2 Densities of arthropod herbivores used to damage cotton seedlings to investigate the 
effects of single species and dual species herbivory on the responses of thrips to herbivore-
damaged cotton seedlings.   
Single species tests
 
Herbivore† Herbivore densitiy (no. /plant) 
Tetranychus urticae  10, 25, 50 
Helicoverpa armigera  2, 10 
Aphis gossypii  10, 25, 50 
Frankliniella schultzei  10, 25, 50 
Thrips tabaci  10, 25, 50 
Frankliniella occidentalis  10, 25, 50 
Tenebrio molitor 10 
Dual species tests
 
Herbivore combinations† Herbivore densities (no./plant) tested  
T. urticae (Tu) & H. armigera (Ha) Tu: Ha 10:10 25:10 50:10 
A. gossypii (Ag) & T. urticae (Tu) Ag: Tu 10:10 25:25 50:50 
F. schultzei (Fs) & H. armigera (Ha) Fs: Ha 10:10 25:10 50: 10 
T. tabaci (Tt)  & H. armigera (Ha) Tt: Ha 10:10 25:10 50:10 
F. occidentalis (Fo)  & H. armigera (Ha) Fo: Ha 10:10 25:10 50:10 
T. molitor (Tm) & T. urticae (Tu) Tm: Tu 10:10 10:25 10:50 
†Adult arthropods were used to damage plants in all tests except those investigating H. 
armigera, when second instar larvae were used and T. molitor, when late instar larvae were 
used. 
 
 
 
 
 
